We conducted a systematic review and meta-analysis to characterize the relationship between smoking and miscarriage. We searched the PubMed database (1956( -August 31, 2011) using keywords and conducted manual reference searches of included articles and reports of the US Surgeon General. The full text of 1,706 articles was reviewed, and 98 articles that examined the association between active or passive smoking and miscarriage were included in the meta-analysis. Data were abstracted by 2 reviewers. Any active smoking was associated with increased risk of miscarriage (summary relative risk ratio = 1.23, 95% confidence interval (CI): 1.16, 1.30; n = 50 studies), and this risk was greater when the smoking exposure was specifically defined as during the pregnancy in which miscarriage risk was measured (summary relative risk ratio = 1.32, 95% CI: 1.21, 1.44; n = 25 studies). The risk of miscarriage increased with the amount smoked (1% increase in relative risk per cigarette smoked per day). Secondhand smoke exposure during pregnancy increased the risk of miscarriage by 11% (95% CI: 0.95, 1.31; n = 17 studies). Biases in study publication, design, and analysis did not significantly affect the results. This finding strengthens the evidence that women should not smoke while pregnant, and all women of reproductive age should be warned that smoking increases the risk of miscarriage. abortion; miscarriage; pregnancy; smoking; tobacco Abbreviations: CI, confidence interval; OR, odds ratio; RRR, relative risk ratio.
Reporting Items for Systematic Reviews and Meta-Analysis statement (8, 9) .
Inclusion criteria
Studies eligible for inclusion in the meta-analysis were original observational or experimental studies. Eligible studies compared the risks of miscarriage between women who were exposed and those who were not exposed to tobacco smoke from cigarettes. Relevant exposures were smoking of cigarettes by the mother and secondhand smoke exposure in pregnant women. Articles in any language were eligible and were translated as necessary using Google Translate (http://translate.google.com/). We excluded duplicate publications and publications with duplicated data (e.g., studies conducted on the same registry with overlapping years). No quality measures were used to select studies for inclusion.
Literature search strategy
Two reviewers independently searched the PubMed database for articles published between 1956 and August 31, 2011, relevant to smoking and risk of adverse pregnancy outcomes. The search terms were ("smoking" OR "tobacco") AND "pregnancy." From the chosen articles, those relevant to miscarriage or perinatal death were selected for inclusion and/or review of references. We then conducted manual searches by checking references of the articles identified in the PubMed searches. The articles referenced by all relevant articles (original articles, reviews, and letters) were searched by at least 1 reviewer, and the articles referenced by included articles and all Surgeon General reports regarding tobacco and health were searched by 2 reviewers. Disagreements on final inclusion status were resolved by discussion.
Data abstraction
Study data were collected and managed using REDCap electronic data capture tools (10) . Two reviewers independently extracted data from all articles on study type, country, calendar years of the pregnancies in the studies, population characteristics, participant inclusion and exclusion criteria, recruitment methods, participation and follow-up rates, exposure and outcome definitions, features of data collection, numbers of participants, effect sizes, and statistical significance tests. Differences in item coding were resolved through discussion between the reviewers, and the κ statistic was computed to assess agreement between reviewers. The median Strout-Fleiss reliability statistic for continuous variables was 0.99, and the median κ statistic for covariates analyzed was 0.52.
Definition of outcomes
Miscarriage was defined in different ways, including by gestational age ranges, karyotype, and fetal weight. Common upper thresholds for gestational age were between 12 and 28 weeks. Many authors did not provide a definition of miscarriage, and for these studies, any outcome described as "miscarriage," "spontaneous abortion," or "pregnancy loss" without other description was used and combined with other miscarriage outcomes. Reproductive lifetime history of miscarriage (ever had at least 1 miscarriage over the lifetime) was analyzed separately from miscarriage in an individual pregnancy.
Grouping of exposures
Any study that used as its exposure indicator "smoking," "smoker," "secondhand smoke," "environmental tobacco smoke," "lives with a smoker," or "partner/husband is a smoker" was considered eligible. Studies were included that described the amount of smoking exposure. Exposures were categorized by type (active/passive), timing in relation to pregnancy, amount of exposure, and the source of exposure if given. Reference exposures included "0 cigarettes per day," "nonsmoker," "never smoker," "no secondhand smoke exposure," and others indicating no exposure to tobacco smoke. Studies that collected smoking exposure data before or during pregnancy were categorized as prospective, and case-control studies or others that collected smoking exposure data after pregnancy were categorized as retrospective. The window of smoking exposure was categorized as follows: 1) before pregnancy (including those who continued and those who quit during pregnancy), 2) during pregnancy, 3) lifetime exposure or after all studied pregnancies, 4) exsmoker at the time of pregnancy, 5) quit at conception or in early pregnancy, and 6) not specified. "Any active smoking" refers to definitions of smoking as at least 1 cigarette per day and to the undefined terms of "smoker" and "smoking."
Analysis
The random-effects model of DerSimonian and Laird (11) was chosen to account for heterogeneity of study populations and designs. The estimate of relative risk ratio used was the odds ratio, risk ratio, or hazard ratio, as given in the original article. For studies without an estimated relative risk ratio, risk ratios or odds ratios were calculated from available data as appropriate. A continuity correction (12) of 0.5 was applied to studies (13) (14) (15) with counts of 0 in 1 or more cells of the 2 × 2 table.
Relative risk ratios for "any active smoking" were combined, as were those for categories of 1-10, 11-20, and 21 or more cigarettes smoked per day (16) . Because too few studies that examined secondhand smoke or history of miscarriage gave results by the amount of exposure, no doseresponse analyses were conducted for this exposure and outcome, respectively. Instead, all studies that included relative risk ratios for various categories of exposure were included in "any exposure" analyses after combining the multiple relative risk ratios into a single estimate for each study (17) . Analyses were conducted using SAS, version 9.2, software (SAS Institute, Inc., Cary, North Carolina).
Dose-response analysis
analyzed in a dose-response meta-regression separately for each outcome. We used a SAS macro for meta-analysis of linear and nonlinear dose-response relationships that combines studies of the same relationship that have different exposure levels (18, 19) . For closed-ended categories, the midpoints were taken as the dose. For open-ended categories (those specified with minimum but not maximum numbers of cigarettes per day, such as "20 or more"), we imputed a maximum number of cigarettes per day based on the category minimum, then took the midpoint of the minimum and the imputed maximum as the dose. The imputed maximum was based on the approximate mean number and categorical distribution of cigarettes smoked per day among women in the National Health Interview Survey (20) . For categories with minima of 40 or more cigarettes per day, the maximum was 45; for categories with minima of 30-39 cigarettes per day, the maximum was 40; for categories with minima of 25-29 cigarettes per day, the maximum was 35; for categories with minima of 20-24 cigarettes per day, the maximum was 30; for categories with minima of 15-19 cigarettes per day, the maximum was 25; and for categories with minima of 2-14 cigarettes per day, the maximum was 20.
Heterogeneity and study quality Heterogeneity between studies was assessed using the I 2 statistic, which represents the percent of total variation that is true between-studies heterogeneity (21) . Statistical significance of the heterogeneity was analyzed with the Q statistic. When heterogeneity was statistically significant and high, reasons for the heterogeneity were examined using randomeffects meta-regression for both continuous and dichotomous variables (22, 23) . Subgroups were contrasted on the basis of exposure timing in relation to pregnancy (specified as during pregnancy vs. not specified or other). Many studies likely collected data on smoking and miscarriage but did not include this information in the title, abstract, or indexed keywords and, consequently, studies that focused specifically on smoking are likely overrepresented in the included articles compared with the universe of eligible articles on the outcome. To estimate the potential impact of including only studies focused on smoking, we compared the results from subgroups on the basis of keywords in the article titles. We searched for the terms, "smok," "tobac," and "cigar" in the titles of the articles and considered these to be articles that focused on smoking. Articles without any of these terms in the titles we considered not to be focused on smoking. Because miscarriage is relatively common (occurring in 10%-20% of pregnancies), odds ratios were converted to risk ratios, and the results from using these data were compared with those obtained with odds ratios, risk ratios, and hazard ratios combined (24) . If unexplained heterogeneity remained, post hoc meta-regression and subgroup analyses were conducted on other variables collected. Study quality assessment was undertaken using indicators to address information bias, confounding, selection bias, and violation of statistical assumptions. Adjusted estimates were compared with crude estimates, and estimates based on the best analytical model (best and most appropriate control of confounding) were compared with other estimates. Potential confounders considered important were maternal age, education, and socioeconomic status. Adjusting for prior pregnancy loss is inappropriate for estimation of the causal effect of smoking on miscarriage, so studies that adjusted for this were excluded from the "best analytical model" analysis (25) .
Publication bias
Publication bias was analyzed for each comparison by visual analysis of funnel plots, Egger regression, Begg rank correlation, funnel plot regression, and trim-and-fill tests using the PUB_BIAS macro (26) . Sensitivity analyses were conducted by comparing results obtained after excluding studies with very high relative risk ratios.
Imputation
One study required the use of imputed data for variance estimation because the numbers provided were miscarriage rates by categories of number of cigarettes per day, and only the total number of smokers was given (27) . The distribution of cigarettes smoked per day was assumed to be similar to that reported by other studies; 50% of the smoking subjects were assigned to the category of 11-20 cigarettes per day, and 25% each were assigned to the categories of 1-10 and 21 or more cigarettes per day. Imputation of the covariates of national smoking prevalence and national cigarettes per capita was also performed for each study on the basis of year and country. Both the year of publication and the midpoint year of study pregnancies were used for the year value. Smoking prevalence data were primarily obtained from the World Health Organization Global Infobase (complete reference list available upon request) (28) . Cigarettes per capita data were primarily obtained from 1 report (29), with values for the United States from the Centers for Disease Control and Prevention (30) and a few other data points from another source (31) .
RESULTS

Studies included in the systematic review and meta-analysis
From the initial 12,899 articles identified by keywords for tobacco and pregnancy, 112 articles were selected for inclusion in the systematic review, and 98 were selected for the meta-analyses (Figure 1, Table 1 ). Articles were excluded if they did not study miscarriage or miscarriage alone (n = 459), they did not analyze smoking in relation to miscarriage (n = 93), they lacked a control group or unexposed group (n = 9), translation was not possible (n = 3), or for other reasons (n = 6). Twenty-eight studies were placed into 8 sets of overlapping data, with between 2 and 9 studies per set. These sets were identified on the basis of the studies being conducted in the same country, during the same years, and using the same registry or population. Often, these were duplicate publications by the same authors, though a few were registry studies with overlapping years. The largest study appropriate for each analysis was chosen from each set. Of the 112 studies, 21 examined secondhand smoke exposure of the mother, and 107 examined active maternal smoking. Thirtyone percent of the studies were conducted in the United States, and the remainder were conducted in 25 other countries or sets of countries. Sixteen were published in languages other than English. Twenty-three studies used history of miscarriage as the outcome, and 93 used miscarriage in an individual pregnancy. All results refer to miscarriage in an individual pregnancy unless otherwise specified. A list of the studies that were included in each analysis is provided in Web Table 1 , available at http://aje.oxfordjournals.org/. Twelve duplicate studies and 2 studies without enough data given were not used in any analyses.
Active maternal smoking
Results of the meta-analysis. The summary relative risk for miscarriage among female smokers using only crude relative risk ratios was 1.27 (95% confidence interval (CI): 1.18, 1.37; n = 35 studies), and that using only adjusted relative risk ratios was 1.17 (95% CI: 1.04, 1.31; n = 19 studies). All further analyses used adjusted and crude relative risks together because of the similarity of these estimates, which were not significantly different (P = 0.45). The summary relative risk of miscarriage with any active smoking was 1.23 (95% CI: 1.16, 1.30; n = 50 studies, Figure 2 ). Former smokers were no more likely to have a miscarriage than were never smokers (summary relative risk ratio (RRR) = 0.90, 95% CI: 0.69, 1.16, n = 7 studies). Women who quit smoking at conception or early in pregnancy had a 25% lower risk of miscarriage than those who did not smoke around the time of pregnancy at all, but the difference was not statistically significant (summary RRR = 0.75, 95% CI: 0.55, 1.02; n = 4 studies).
History of miscarriage. Any active smoking was associated with an increased risk of having a history of miscarriage (at least 1 miscarriage in the woman's lifetime; summary RRR = 1.47, 95% CI: 1.26, 1.70; n = 22 studies). Former smokers had nonsignificantly increased risk of having a history of miscarriage (summary RRR = 1.33, 95% CI: 0.96, 1.85; n = 2 studies).
Assessment of heterogeneity. Heterogeneity of the summary relative risk of miscarriage with any active smoking was statistically significant and moderate (I 2 = 60%, P < 0.0001; see Web Table 2 for detailed results). None of the following factors significantly affected the summary relative risk: year of publication, midpoint year of the study pregnancies, the exposure prevalence in the study population, or per-capita cigarette consumption (P values > 0.25). Studies that defined miscarriage as pregnancy loss with a maximum gestational age of 20 weeks or greater had a higher summary relative risk of miscarriage than those that defined it with a maximum gestational age of less than 20 weeks (1.49 vs. 1.24, respectively, P < 0.05). Cohort studies had higher summary relative risks than studies with other designs (e.g., case-control or cross-sectional studies; 1.39 vs. 1.17, respectively, P < 0.05). Studies that defined smoking as during the pregnancy in which miscarriage risk was measured gave a summary relative risk that was higher than those with exposures without a specified time or specified as smoking before pregnancy, lifetime smoker, smoking during subsequent pregnancy, or at another time (summary RRRs = 1.32 vs. 1.21, P for difference < 0.01). Studies conducted in the United States had a nonsignificantly higher summary relative risk than studies conducted in other countries (P for difference = 0.08). The summary relative risk ratio after converting odds ratios from 24 studies to risk ratios was 1.22 (95% CI: 1.15, 1.29; n = 50 studies). Dose-response analysis. The relative risk increased with increasing numbers of cigarettes smoked per day. For 1-10, 11-19, and 20 or more cigarettes per day, the summary relative risks were 1.08 (95% CI: 0.96, 1.21; n = 16 studies), 1.25 (95% CI: 1.17, 1.34; n = 9 studies), and 1.42 (95% CI: 1.19, 1.70; n = 11 studies), respectively. Figure 3 shows the dose-response relationship with an estimated increment per cigarette of relative risk by 1.01 (95% CI: 1.01, 1.02; n = 31 studies). The relationship did not depart significantly from linearity based on the comparison of the log-likelihood for a model with cubic spline variables to that for a model with only a linear term (P = 0.59) (32) .
Study quality. Studies that specified a gestational age range in their definitions of miscarriage had higher relative risk ratios than studies that did not (summary RRRs = 1.33 vs. 1.15, P for difference = 0.02, Web Table 2 ). Only 2 studies adjusted at least for maternal age in addition to education or socioeconomic status while not adjusting for prior pregnancy loss. Consequently, studies that adjusted at least for maternal age and did not adjust for prior pregnancy loss were considered to have used the best analytical model. Factors that did not affect the summary relative risk ratios were prospective or biochemical measurement of smoking exposure, adjustment for confounders, having the best analytical model, analysis of only 1 pregnancy per woman, and high (>80%) participation and follow-up rates (all P values > 0.35, Web Table 2 ).
Assessment of publication bias. Formal statistical tests for publication bias (Egger ordinary least squares regression, the Begg rank correlation, funnel plot weighted least squares regression, and the trim and fill tests) did not demonstrate bias among studies that reported "any active smoking" analyses (all P values > 0.35). The funnel plot was fairly symmetrical, suggesting no major impact of publication bias (Figure 4 ).
Maternal secondhand smoke exposure
Secondhand smoke exposure was not significantly associated with miscarriage, (Figure 5 ) (summary RRR = 1.11, 95% CI: 0.95, 1.31; I 2 = 45%; n = 17 studies). Using studies that included nonsmokers only or those that adjusted for active smoking did not change the result (summary RRR = 1.13, 95% CI: 0.91, 1.42; n = 13 studies). The only study that examined history of miscarriage found that secondhand smoke exposure was associated with increased risk of having a history of miscarriage by 21% (P < 0.05) (33) . None of the following publication bias tests was statistically significant: the Egger test, Begg rank correlation, funnel plot weighted least squares regression, and the trim and fill test (all P values > 0.5).
DISCUSSION
Most literature reviews published since the 1970s have emphasized inconsistency of the evidence on smoking as a cause of miscarriage (see representative articles (34, 35) ), although several have concluded that smoking causes miscarriage (see representative articles (36) (37) (38) ). Two meta-analyses published in 1984 (39) and 1995 (40) included only 6 and 13 studies, respectively, but found pooled relative risks very similar to the results in the present report (1.24 and 1.32, respectively). This systematic review and meta-analysis 816 Pineles et al.
confirmed an association of maternal smoking during pregnancy with risk for miscarriage and also showed that risk increases with the amount smoked. The results are consistent with either no effect or a modest effect of secondhand smoke exposure on risk of miscarriage (95% CI: 0.95, 1.31). Like other meta-analyses of observational data, our review has several limitations reflecting the reliance on secondary data gathered from publications. First, we were unable to fully investigate the effect of timing of smoke exposure across pregnancy on miscarriage risk. Although we found that women who had quit smoking were not at increased risk of miscarriage compared with never smokers, whether a woman needs to quit months before pregnancy, weeks into pregnancy, or at some other time to lower risk is currently unknown. Women who quit smoking upon recognition of their pregnancies had a lower risk of miscarriage than did never smokers. However, this result was based on only 4 studies and was not statistically significant. However, if true, this finding may reflect a selection bias, because women who quit upon learning of pregnancy are likely to be particularly health conscious. Lower risks of miscarriage in quitters could also be due to reverse causation, because death of the fetus often precedes clinical miscarriage. Viable pregnancies cause nausea and food aversions and may affect the mother's desire to smoke. Thus, a mother with a viable pregnancy may be more likely to quit than a mother with a nonviable pregnancy, leading to the apparent reduced risk of miscarriage in quitters. Another problem with exposure classification in some studies was the inclusion of occasional or social smokers with nonsmokers for estimation of risks. Such misclassification would bias the total effect of smoking toward the null, leading this meta-analysis to underestimate the true relative risk.
Miscarriage is a heterogeneous clinical entity that is typically classified by the gestational age of the loss and the karyotype of the conceptus. The relative risk of miscarriage for smokers was greater when miscarriage was defined as pregnancy loss with a maximum gestational age of 20 weeks or greater. However, the definition of miscarriage is only a proxy for the gestational ages at which women actually miscarried, and more precise data on gestational age-specific risks would be useful. Three papers examined differences in the effects of smoking on miscarriages classified by karytyope Figure 6 . Forest plot for the cumulative meta-analysis of any active maternal smoking and risk of miscarriage (150) . Studies are sorted chronologically in order of publication date, and each point represents the summary relative risk ratio (RRR) including all studies published before and including the study listed on the corresponding line. Bars, 95% confidence intervals (CIs).
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of the conceptus. These data were not meta-analyzed because the largest such study had data on 10 times more cases than the next largest study. Using 2,305 cases, this study found a case-case odds ratio of 1.2 (95% CI: 0.8, 1.8) for the effect of smoking on miscarriage in normal versus chromosomally aberrant (nontrisomic) losses (41) . The results of 2 smaller studies also had small and nonsignificant differences among the effects of smoking on karyotype groups (42, 43) . To examine why previous reviews did not generally conclude that the association between smoking and miscarriage was consistent, we conducted cumulative meta-analyses of the 50 studies that assessed the risk of miscarriage with a report of "any active smoking" (Figure 6 ). We iteratively combined the estimates from the 50 studies, plotting the cumulative estimate from the first 2 studies through the entire group. This analysis demonstrated that an increased risk of miscarriage has been consistently documented since the publication of the first 2 studies in 1963. The relative risk estimates in the cumulative meta-analysis were all statistically significant and ranged from 1.22 to 1.43.
Thus, the consistency of the pooled estimate has not changed significantly over the last 50 years. Why has consensus not yet been reached on smoking and miscarriage? Comparison of this systematic review with other reviews demonstrates that much of the relevant literature was not included in these earlier reports. For example, only 34 of the 112 articles included in this study were referenced by at least 1 of the US Surgeon General reports on the health effects of smoking published from 1964 to 2010. Many reviews of smoking and pregnancy, environmental exposures and reproduction, and causes of miscarriage have stated that the evidence is inconsistent without conducting systematic reviews. Multiple recent literature reviews that we found cited only 1 or 2 original articles on smoking and miscarriage (44, 45) , and some limited their references to prior reviews (36) . Despite the reviews that found the evidence to be unconvincing, we demonstrated that the association between smoking and miscarriage, first documented by Zabriskie (46) in 1963, has endured half a century of research. The project was supported by the National Institute on Drug Abuse (grant 5F30DA032190 to B.L.P.).
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